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ABSTRACT
The CONT14 campaign with state-of-the-art VLBI data has observed the source 0642+449 with about
one thousand observables each day during a continuous observing period of fifteen days, providing tens
of thousands of closure delays—the sum of the delays around a closed loop of baselines. The closure
delay is independent of the instrumental and propagation delays and provides valuable additional
information about the source structure. We demonstrate the use of this new “observable” for the
determination of the structure in the radio source 0642+449. This source, as one of the defining
sources in the second realization of the International Celestial Reference Frame (ICRF2), is found
to have two point-like components with a relative position offset of −426 microarcseconds (µas) in
right ascension and −66 µas in declination. The two components are almost equally bright with a
flux-density ratio of 0.92. The standard deviation of closure delays for source 0642+449 was reduced
from 139 ps to 90 ps by using this two-component model. Closure delays larger than one nanosecond
are found to be related to the source structure, demonstrating that structure effects for a source with
this simple structure could be up to tens of nanoseconds. The method described in this paper does
not rely on a priori source structure information, such as knowledge of source structure determined
from direct (Fourier) imaging of the same observations or observations at other epochs. We anticipate
our study to be a starting point for more effective determination of the structure effect in VLBI
observations.
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1. INTRODUCTION
Radio galaxies and quasars have radio-emitting struc-
ture that can be conveniently divided into two cate-
gories: extended structure, the dimensions of which
range from 103 pc to even 106 pc, and compact struc-
ture, with dimensions typically ranging from 1 pc to
100 pc (Kellermann & Owen 1988). Extragalactic radio
sources with compact structure are used to realize the
fundamental Celestial Reference Frame with axis stabil-
ity at the level of ten microarcseconds (µas) by very long
baseline interferometry (VLBI) observations (Ma et al.
1998; Fey et al. 2015). Given that the typical distance
to these sources is at the level of 109 pc, the compact
structure should have angular dimensions of 0.2–20 mil-
liarcseconds (mas), as shown in images of astrometric
sources from astrophysical imaging studies (e.g., Char-
lot 1990a; Ojha et al. 2004, 2005; Piner 2007; Lister et al.
2009; Charlot 2010; Lister et al. 2013). For example, sur-
vey images of 91 compact sources obtained from VLBI
observations at 5 GHz by Taylor et al. (1994) showed
that only eight sources had a structure smaller than one
milliarcsecond. The effects of source structure on source
position determined from VLBI observations were stud-
ied and demonstrated in a series of studies (e.g., Whit-
ney et al. 1971; Fey & Charlot 1997, 2000; Feissel-Vernier
2003; MacMillan 2007; Malkin 2008; Moo´r et al. 2011).
Recently, by observing four close radio sources in the sec-
ond realization of the International Celestial Reference
Frame (ICRF2) for five times over one year, Fomalont et
al. (2011) found that the radio flux intensity maximum
could follow a jet component rather than stay close to
the radio core. Their study suggests that if the jet com-
ponent gets fainter than the radio core or if they get
completely separated at some time, significant position
variations will occur at the level of 0.1 mas yr−1 or even
larger.
The study of the source structure effect on VLBI ob-
servables was pioneered by Thomas (1980). A significant
effort was made by Charlot (1990b), who modeled the
source structure corrections for VLBI group delay and
phase rate observables based on the brightness distribu-
tions of the sources. Many studies then attempted to
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introduce the theoretical model of the structure effect
into astrometric VLBI data analysis based on images
of sources (e.g., Campbell, Schuh & Zeppenfeld 1988;
Charlot, Lestrade & Boucher 1988; Tang & Ro¨nna¨ng
1988; Ulvestad 1988; Zeppenfeld 1991; Charlot 1993;
Gontier et al. 1993; Fey et al. 1996; Petrov 2007). For
example, Sovers et al. (2002) applied it to a series of ten
of the Research and Development VLBI (RDV) sessions,
and the results showed that the weighted delay residu-
als could be reduced. An example of the application of
the theoretical model to the European geodetic VLBI
sessions was tested by Tornatore & Charlot (2007).
There are, however, several points that presently limit
the application of this model for the correction of the
structure effect. First, the source structure effect is very
sensitive to a slight change in the brightness distribu-
tion. Unfortunately, the time histories of available im-
ages for most sources are quite sparse, and in the fore-
seeable future it is almost impossible to make images on
regular basis at intervals of much less than a year for so
many sources in the astrometric catalog unless astromet-
ric/geodetic observations themselves will be scheduled
in a suitable way and sufficient efforts of making images
will be made. Secondly, even when images made several
months apart from each other are available, the station-
ary reference point in these images can be hard to rec-
ognize if the radio flux intensity maximum observed by
VLBI is dominated by a jet component. Consequently,
in standard astrometric/geodetic VLBI data analysis,
the source structure effect has not actually been han-
dled so far. The source structure effect is still very im-
portant and challenging for the astrometric VLBI, as
shown in simulation studies (Shabala et al. 2015; Plank
et al. 2016). If VLBI is to achieve its full potential of
the realization of the extragalactic Celestial Reference
Frame with accuracy of the microarcsecond level and
that of the Terrestrial Reference Frame with accuracy
of the millimeter level, it is necessary to study and han-
dle the source structure effect more effectively based on
the astrometric observations themselves. These are the
purposes of this paper.
In this paper we perform an initial analysis to deter-
mine how well source structure can be determined di-
rectly from the geodetic VLBI observables themselves
1. We aim to develop an alternative method for study-
ing the structure effect that should be simple, easy to
1 Geodetic/astrometric VLBI observables are the baseline-based
group delays and phase rates determined per scan within a geode-
tic VLBI experiment. The International VLBI Service for Geodesy
and Astrometry (IVS) coordinates archives of geodetic VLBI
experiment observables (see http://ivscc.gsfc.nasa.gov/products-
data/data.html), but visibility datasets are normally not made
available for analysis.
implement, and applicable for general historical and fu-
ture geodetic VLBI observations, including many of the
oldest observations (back to the 1970s) for which the vis-
ibility datasets are no longer available. Although a self-
calibration and Fourier imaging analysis of the visibil-
ity data can give superior results for determining source
structure, that approach is time and computing resource
intensive, it requires large amounts of software not cur-
rently implemented in geodetic analysis packages, it re-
quires that the observations were conducted in a manner
suitable for imaging, which is frequently not the case for
historical geodetic VLBI sessions, and it will be difficult,
yield sub-optimal results, or even be impossible for the
historical experiments that no longer have archived vis-
ibility datasets.
Therefore we defer our structure analysis based on
imaging for a future publication, and we make use of
the closure delay, the sum of the delays around a closed
loop of baselines, as a new observable and propose a
method to use this new observable for the determina-
tion of the source structure effect on the astrometric
VLBI observable. We calculate the closure delays, in-
vestigate the characteristics of the source structure, and
then solve for the source structure effect on each ob-
servable. The source structure can be finally obtained
and the source structure effect can be determined. The
source 0642+449, one of the ICRF2 defining sources, is
selected as a demonstration case for this method.
The systematical analysis of closure delay requires a
consistent definition and a careful discussion of closure
delay, which are presented along with its calculating
model in Section 2. The data used here, the CONT14
observations, and the overall statistics of the closure de-
lay of source 0642+449 are introduced in Section 3. Sec-
tion 4 discusses the method that was used to solve for
the source structure effect on each observable based on
the knowledge from Section 3. The results, describing
the structure of this source, are shown in Section 5, and
the final model is presented in Section 6. Conclusions
and discussion are given in the last Section.
2. MODEL OF CLOSURE DELAY
The closure phase, unaffected by instrumental and at-
mospheric instabilities, was recognized as a good observ-
able for the study of source structure first by Jennison
(1958) and later by Rogers et al. (1974). A method for
recovering the brightness distributions of compact radio
sources from VLBI observations of closure phase, to-
gether with the measured visibility amplitudes, was de-
veloped to make images at the scale of milliarcseconds
(Readhead & Wilkinson 1978) and used to obtain valu-
able maps for 45 objects by Pearson & Readhead (1981,
1988) in the early stage of VLBI imaging. The meth-
ods using the closure phase for recovering the bright-
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ness distribution of a radio source were called hybrid-
mapping based on closure quantities, which was widely
applied for the study of source structure (see Pearson
& Readhead 1984, and references therein). In terms of
independence from instrumental and atmospheric insta-
bilities and sensitivity to source structure, closure delay
has similar characteristics to closure phase. The closure
delay was used for evaluating the performance of the
structure models in the past (Charlot 1990b), but our
method will use it in a more direct way. For the first
time, the definition and the model of closure delay is
given here.
For a triangle of 3 stations, a, b, and c, the closure
delay is defined for an individual wavefront by
τabc ≡ τab + τbc + τca, (1)
where, for instance, τab is the delay observable from sta-
tion a to station b, and τbc is the delay observable from
station b to station c, for the same wavefront received
by three stations. Equation (1) depicts the scenario in
which the same wavefront passes stations a, b, and c
in some arbitrary sequence. The closure delay, for an
ideal point source, is independent of any station-based
or source-based effect and should be zero if there is no
observational noise. For sources with detectable struc-
ture, as expected even for most astrometric sources, the
group delay observable depends on the observing fre-
quency and the baseline length and orientation differ-
ently from the group delay behavior for a point source.
In general, the change in the group delay will be dif-
ferent for each baseline in the closure delay triangle de-
pendent upon the source structure, and the resulting
closure delay will be non-zero. Therefore, variations in
the closure delays sufficiently far away from zero that
they are unlikely to be caused by random measurement
noise should, in principle, only be observed for sources
with significant structure.
In geodetic VLBI measurements, by convention, the
time tag of group delay, phase, and phase rate observ-
ables is referred to the epoch when the wavefront passes
the first station in the baseline. They are implemented
in the VLBI processor such that all observables in one
scan have exactly the same time tag value. This means
that the observables in one scan are usually not related
to the same wavefront and allowance must be made for
the delay of the arrival of the same wavefront at the dif-
ferent stations. Moreover, the baseline name is made up
of two stations’ names in the alphabetical order, so that
τca should be replaced with the actual geodetic VLBI
observables on that baseline, −τac. Therefore, to the
accuracy of the second order in delay, the closure delay
at reference epoch t is calculated from
τabc(t) = τab(t)+[τbc(t)+τ˙bc(t)· τ ′ab(t)+
1
2
τ¨bc(t)· τ ′ab(t)2]−τac(t),
(2)
where a prime on a delay symbol indicates an absence of
dependence on station clock offset, that is, referring to
the geometric delay, and a superposed dot and double
superposed dots denote differentiation with respect to
time once and twice, respectively.
For a goal of 1 ps accuracy of the closure delay, the
third term inside the bracket of Equation (2) is smaller
than 0.1 ps and is therefore negligible, since for ground-
based VLBI the magnitude of the group delay is at the
level of 0.02 s and that of the second order derivative is
at the level of 10 ps s−2. Since the magnitude of the first
order derivative is at the level of 1 µs s−1, the second
term inside the bracket has the magnitude of about ten
nanoseconds (ns) and should be calculated as accurately
as possible. The τ˙bc(t) term can be calculated from the
theoretical model, which may have to ignore the rate
of change of the propagation delay; it can be derived
more accurately from the phase rate observable and the
ionospheric delay rate, both of which are available for
International VLBI Service for Geodesy and Astrometry
(IVS, Schuh & Behrend 2012) VLBI observations. All
clock offsets or jumps larger than 0.1 µs should be taken
into account for the geometric delay, τ ′ab(t), in Equation
(2) if it is calculated from the group delay observable.
Following the conventions in geodetic VLBI measure-
ments of the time tag and of the baseline’s name, the
closure delay in this paper will be referred to the same
epoch as that of the three observables in the triangle
and be labeled by the names of the three stations in
alphabetical order. In this case, the baseline between
the first station and the third station in a triangle will
always contribute to the closure delay calculated from
Equation (2), in contrast to other two baselines, with a
negative sign.
3. CLOSURE DELAY OF SOURCE 0642+449
The data from CONT142 observations (Nothnagel
2015) at X band were used. CONT14 is a campaign
of continuous VLBI observations, conducted by the IVS
from 00:00:00 UT on 2014 May 6 to 00:00:00 UT on
2014 May 21. It is a continuation of the series of con-
tinuous VLBI observations over 15 days that were ob-
served every three years since 2002. With a network
of ten stations in the northern hemisphere and seven in
the southern hemisphere at sixteen sites3, this campaign
2 http://ivscc.gsfc.nasa.gov/program/cont14/
3 Two stations, HOBART12 and HOBART26, are located at
the Hobart site in Australia.
4 Xu et al.
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Figure 1. The baseline lengths of the observing network of
source 0642+449 in CONT14. There were in total 15 stations
observing this source, and 96 baselines were correlated.
was intended to acquire state-of-the-art VLBI data over
a time period of 15 days with the highest accuracy that
the then existing VLBI system was capable. In these
continuous observations there are several sources with
about one thousand observables per day, which makes
the CONT14 observations considerably valuable for the
study of source structure.
The radio source 0642+449 was selected as the target
of our study. It was observed in 512 scans by 15 sta-
tions in the CONT14 campaign (only the two southern-
most stations at the Hobart site could not observe this
source), and has in total 11 027 pairs of usable (quality
codes4 smaller than 8) group delay and delay rate ob-
servables at X band. In total, 22 154 closure delays were
calculated from this data set and provided important
statistics of the performance of this individual source.
As the number of triangles is about two times that of
group delay observables, each individual group delay on
average is involved in six triangles. The resulting trian-
gles have 350 different kinds of geometry. There are in
total 96 baselines with lengths ranging from 900 km to
12 600 km as shown in Figure 1. This widely-spanned
baseline length provides a good uv coverage, eventually
facilitating the detection of the source structure at a
variety of scales.
Multiband group delay ambiguities of 100 ns or 50 ns,
determined by inspecting the closure delay, were fixed
for three group delays for the baseline WESTFORD–
YARRA12M on the 6th, 10th, and 11th of May. After
this change to the CONT14 observations, the 22 154
closure delays were then recalculated. Six closure de-
lays with absolute value larger than 28 ns were subse-
4 http://lupus.gsfc.nasa.gov/global/ngs-doc.html
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Figure 2. The absolute magnitude distribution of closure
delay of the source 0642+449. The subplot a shows the dis-
tribution of closure delay in the whole range from 0 ns to 28
ns with the bin width of 1 ns, and the subplot b shows, with
a smaller bin width of 20 ps to demonstrate more detail, the
distribution in the main range from 0 ns to 1 ns which has
been out of the axis limit as one bin in the subplot b.
quently excluded as outliers in the analysis here. No
other changes to the data were made and no additional
points were excluded from analysis. Figure 2 shows the
distribution of the absolute magnitudes of the 22 148
closure delays. Approximately 49% of the triangles have
closure delays of absolute value smaller than 20 ps, and
67% of triangles have closure delays of that smaller than
40 ps. As Figure 2 shows, there is a rather flat distri-
bution in each of the subplots: the one in subplot a lies
in the range larger than 1 ns containing 759 closure de-
lays; and the one in subplot b lies in the range of 0.1
ns to 0.9 ns, which has 16% of triangles. The mean
value and the standard deviation of closure delays for
the whole set of triangles is −0.02 ns and 2.668 ns, re-
spectively, and 0.3 ps and 139 ps, respectively, for the
set in the range 0 to 1.0 ns. The statistics and the
distribution of closure delay demonstrate that source
0642+449 to some extent performs well for a geodetic
source showing closure delays of less than 20 ps for half
of the triangles, but it is not as compact as a point-like
source. Furthermore, there are about 759 closure de-
The source structure of 0642+449 5
−80
−40
0
40
80
Cl
os
ur
e 
de
la
y 
[ps
] 
8 12 16 20
Time [UTC day] ; 2014 MAY
Figure 3. The closure delays of 0727-115 over 15 days. There
is absolutely no triangle with closure delay of magnitude
larger than 70 ps, and most triangles are with closure de-
lays of magnitude smaller than 30 ps.
lay magnitudes above 1 ns, suggesting that about 127
group delays (based on the average number of trian-
gles each single group delay is part of), about 1 % of
the total observables for this source, sense exceptionally
large structure effects. For a comparison to demonstrate
the measurement noise in VLBI observables, the stan-
dard deviations of closure delays for unresolved sources,
such as 0016+731 and 0727-115, were calculated as well.
Source 0016+731 has about 23 300 closure delays and
0727-115 has about 11 200 closure delays. The standard
deviation for source 0016+731, which showed a little
resolved structure, is about 11 ps, and that for source
0727-115 is about 8.0 ps. Figure 3 shows the closure
delay distribution over 15 days. Geodetic VLBI obser-
vations are scheduled with different observing durations
for each station and each expected source brightness to
achieve a uniform signal to noise ratio for all observa-
tions, so we assume that the 8.0/1.7=4.6 ps standard de-
viation for 0727− 115 represents the upper limit to the
typical measurement noise for all sources in CONT14
observations, and the vast majority of the 139 ps scat-
ter in the 0642 + 449 closure delays cannot be explained
by the measurement noise.
3.1. Triangles with three short baselines
The closure delays of triangles with all three baseline
lengths5 smaller than 7100 km were investigated. In Fig-
ure 4, the closure delays of these triangles are shown as
red circles connected by dashed lines. The time in hours
on the X axis is the GMST time of the observation for
each triangle epoch to show observations over the fifteen
days in an overlapping 24-hour plot. The same tech-
5 Total baseline length is used throughout the paper as a proxy
for projected baseline length.
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Figure 4. The closure delays of triangles with all three base-
lines shorter than 7100 km, which in total have 42 different
geometries. All points are connected by dashed lines to show
whether there are points out of the chosen axis limit. This
is applied to all figures that show the closure delay or the
source structure effect in the paper. For this case, not a
single closure delay is out of the axis limit.
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Figure 5. The triangles with all three baselines shorter than
7100 km.
nique is applied in the following figures of closure delays.
There are in total 6611 closure delays for these small tri-
angles, and the standard deviation is about 21.7 ps. Fig-
ure 5 geographically shows these small triangles6. The
magnitudes of the closure delays of these triangles are
mostly smaller than 40 ps. There are 24 closure delays
with magnitudes larger than 0.1 ns, and if we constrain
the small triangles to having baseline lengths shorter
than 7000 km, the magnitudes of the closure delay are
all smaller than 0.1 ns.
3.2. Triangles with one long and common baseline
6 We should notice that there are more short baselines than
shown in Figure 5, since there are some isolated short baselines
unable to form such a small triangle.
6 Xu et al.
The closure delays of triangles that contain one long
baseline and two short baselines were investigated. In
the CONT14 network, six stations are densely located in
the European region so that one can make use of them
to construct a good set of triangles for this investiga-
tion. Figure 5 suggests that the long baseline should
be BADARY–WESTFORD, since the European region
locates almost in the middle of it. The length of base-
line BADARY–WESTFORD is approximately 8700 km.
ZELENCHK connects to BADARY with the baseline
length of approximately 4400 km, but to WESTFORD
about 7800 km, a little longer than 7100 km; the other
five European stations connect to both with baselines
shorter than 7100 km. Figure 6 shows the closure delays
with respect to the GMST time of the resulting six kinds
of geometry using six colors. Figure 7 shows the geo-
graphic positions of these eight stations and the trian-
gles with these six different geometries. Aside from the
points outside the Y axis limits, these six sets of closure
delays roughly have the same pattern, two peaks hap-
pening around 03:00 and 15:00 with magnitude of ap-
proximately 0.5–0.7 ns. When WESTFORD is the third
station in the triangle, the sign of the peaks is opposite
to that when WESTFORD is the second7. Considering
that baseline BADARY–WESTFORD is the only com-
mon one in these triangles and that triangles with base-
lines shorter than 7100 km show no closure delays larger
in magnitude than 0.2 ns, it is reasonable and obvious
to conclude that the systematic variation in the closure
delays of these six kinds of geometry is predominately
related to the baseline BADARY–WESTFORD. In ad-
dition, the closure delays of the nanosecond order and
larger, which are out of the axis limit in the plot, only
happened around the same GMST time of the peaks.
3.3. Triangles with the shortest baseline
As we know, the atmospheric and clock errors limit
our ability to examine the structure effect on a single
baseline on its own. The investigation in Section 3.2
above demonstrates the effect of source structure intro-
duced by one long baseline by using two short base-
lines in the closure triangle to cancel out the atmo-
spheric errors, clock errors, and so on, in the long base-
line. The closure delays of all triangles including the
smallest baseline in the CONT14 network, ONSALA60–
WETTZELL, were investigated. They are shown in Fig-
ure 8 by two subplots with different scales. As there were
13 stations available to form a triangle with baseline
ONSALA60–WETTZELL, we have 13 different kinds of
7 By the naming convention, in this case, WESTFORD can
never be the first station in a baseline, and BADARY is always
the first station.
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BADARY  −NYALES20−WESTFORD
BADARY  −MATERA  −WESTFORD
Figure 6. The closure delays of triangles with BADARY and
WESTFORD and one of the six European stations. Each
color corresponds to the closure delays of triangles of one
kind of geometry, with the name shown on the upper right
corner in the same color for the European station in that
triangle. Points for the triangles with the same geometry
are connected with dashed lines.
300˚ 330˚ 0˚ 30˚ 60˚ 90˚ 120˚ 150˚
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30˚
60˚
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WESTFORD MATERAYEBES40M
WETTZELL
ZELENCHK
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NYALES20
BADARY
Figure 7. The geographic locations of BADARY, WEST-
FORD, and six central European stations. The black line is
BADARY–WESTFORD; the six pairs of baselines connect-
ing the stations BADARY and WESTFORD are shown with
the same colors with that of the closure delays that they
contribute to in Figure 6.
geometry for this case. The closure delays were classified
and sorted by the geometry of each triangle. In this fig-
ure, the names of 13 different geometries are presented
in the numerical order of the longest baseline length in
the geometry, and the colors for the names of the 13
stations correspond to those of the closure delay in each
of the subplots. Most closure delays of these triangles
are very small, at the level of tens of picoseconds, if
the longest baseline in the triangle is shorter than 7600
km. The magnitudes of the closure delays become larger
as the baseline lengths in the triangles continue to in-
crease, and eventually systematic variations appear. In
this case, the variations are much more complicated than
The source structure of 0642+449 7
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b)
Figure 8. The closure delays of all triangles that contain
the baseline ONSALA60–WETTZELL. Since 15 stations ob-
served this source, there are 13 station available to join these
two stations to construct a triangle. Subplot a shows the
closure delays with seven different third station in different
colors, while subplot b shows with a larger axis limit, clo-
sure delays from triangles using the remaining six stations.
The names of 13 different kinds of geometry in both subplots
are presented in the numerical order of their longest baseline
lengths. For each geometry, the name of the third station is
presented in the color of its closure delay.
that for triangles with only one long baseline as shown
in Figure 6. Closure delays larger than 1 ns appear only
when there are long baselines in the triangle and where
apparent systematic variations for short baseline trian-
gles occurred.
4. METHOD TO SOLVE TRIANGLES
As discussed in Section 2, the measured closure delay
is due to the observational noise and the source structure
effect that is baseline dependent. Then
τabc = δτab + δτbc − δτac +
3∑
i=1
i, (3)
where δτab, δτbc, and δτac are the source structure effects
on the three baselines, and i is the measurement noise
in the i-th baseline of that triangle. It is reasonable to
assume here that measurement noises are random at the
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−60˚
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NYALES20
ONSALA60
WETTZELL
BADARY
Figure 9. An example of a complete connection of the
fifteen-station network by a minimal number of < 7100 km
long baselines. To solve for the baseline delays using closure
delay in one scan, these selected baselines are set to have zero
source structure effect in that scan. This kind of connection
and its role is designated as connection in the paper.
level of a few picoseconds, which has been demonstrated
by the closure delays of unresolved sources.
In an array of N stations, there are at most N(N −
1)/2 baselines and N(N − 1)(N − 2)/6 closure delay re-
lations. But only (N − 1)(N − 2)/2 of these relations
are independent (Pearson & Readhead 1984). There are
therefore (N − 1) too few closure delays to determine
the source structure effect for each standard baseline-
delay observable, and an independent estimate of the
structure delay on (N − 1) baselines has to be derived.
The investigations in Section 3 give insights to this and
the proposed method uses the assumption that source
0642+449 is a point-like source with respect to the base-
lines shorter than a certain value. We then choose 7100
km as the threshold and select a necessary and minimum
number of < 7100 km baselines to connect as many sta-
tions as possible in each scan. The structure effects on
these selected baselines are assumed to be zero. Taking
a fifteen-station array as an example, ideally there are
fourteen baselines shorter than 7100 km connecting fif-
teen stations as a complete connection shown in Figure
9. Setting the source structure effect on these selected
baselines to be zero allows us to solve for the structure
effects on other baselines utilizing the closure delays.
To find such a kind of a complete connection could be
very challenging in some cases. This is the case for the
southern stations. Three southern stations, KATH12M,
YARRA12M, and WARK12M, can be connected to the
whole network through such a connection only if at least
one of the baselines KOKEE–WARK12M (6600 km) and
KATH12M–TSUKUB32 (5500 km) is available. If both
of these two baselines get lost in a scan, it is thus impos-
sible to solve all the big triangles related to these three
stations. This is also one of the reasons for choosing 7100
8 Xu et al.
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Figure 10. Coverage of the Fourier domain (uv coverage)
of the CONT14 observations of 0642+449 at 8.4 GHz (λ =
3.6 cm), plotted in units of Mega lambda. Color marks the
absolute magnitude of the source structure effect on each of
8492 observables derived from closure delays by the method
introduced in Section 4.
km as the threshold for the baseline length of the con-
nection, considering that the shortest baselines related
to station HART15M, are HART15M–MATERA (7033
km) and FORTLEZA–HART15M (7025 km). Next step
is to solve as many triangles as possible based on the
connection with the threshold of 7100 km scan by scan.
5. RESULTS OF SOURCE STRUCTURE EFFECT
Finally, 16 941 triangles were solved and the source
structure effects on 8492 baseline delays were deter-
mined based on Equation (3). In this solution, 2179
observables of short (< 7100 km long) baselines were as-
sumed to have no source structure effect to build up the
connection. Figure 10 shows the uv coverage with color
marking the magnitude of the derived source structure
effect on each point. In general, the source structure
has a strong effect on long baselines at two opposite di-
rections of approximately the u axis. The results are
divided into two groups for the detailed study of learn-
ing the source structure effect.
First, apart from the observables selected to form the
connection, the structure effects on the remaining 3443
observables of short baselines were estimated along with
long baselines in the solution. The estimated source
structure effects on these baselines with respect to uv
position angle of baseline in the uv plane (measured
North-through-East) are shown in Figure 11. All these
observables without exception have very small source
structure effects, and the standard deviation is about
22.7 ps, which is close to that of the closure delays of tri-
angles with short baselines shown in Figure 4. It may be
slightly larger than that of random measurement noises
in VLBI measurements, partly because the measurement
noise in 2179 zeroed observables were propagated into
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Figure 11. Derived source structure effects on 3443 observ-
ables of short baselines (< 7100 km) from the closure delays,
plotted as a function of the uv position angle of baseline.
the estimated ones. There is no point larger than 0.2
ns. Therefore, the result supports the assumption of
no significant structure on short baselines that has been
used for the connection.
Secondly, the source structure effects for eight long
baselines with significant variations are presented one
by one in Figure 12 in blue dots. The patterns shown
in these plots are incomplete over one circle of uv po-
sition angle, especially for the longest baselines, due to
both the loss of common visibility of the source and
the vulnerability of losing link to the connection. This
indeed makes the identification of the source structure
extremely challenging. However, it is beneficial to com-
bine together the patterns in these plots. Two peaks
for the baselines with length from 8400 km to 9600 km
can be identified, appearing at the uv position angles of
approximately 90◦ and 270◦. The peak structure effect
for these baselines is 0.7 ns. Moreover, there are two
characteristics of the source structure that can be iden-
tified. First, apart from the points outside of the axis
limit, the scatter of the structure effect is rather small
along the track of the variation curve, and this should
imply that the source has multiple point-like compo-
nents rather than a flat brightness distribution over the
extended structure. Second, the variation is symmetric
over the uv position angle of one circle, and the sepa-
ration between the two peaks is 180◦. As a result, the
source should have a symmetric brightness distribution,
for example, the multiple components are in a straight
line. Finally, points out of the axis limit happen exclu-
sively on baselines longer than 9000 km where significant
source structure effects occur.
6. MODELING THE SOURCE STRUCTURE OF
0642+449
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Figure 12. Derived source structure effects from the closure delay and the pattern of structure effects calculated from the
two-component model as a function of the uv position angle for eight baselines with significant variations. The baseline name
along with the baseline length in brackets is shown for each of the plots. The blue dots correspond to the observation points,
and the complete patterns of structure effects over one circle calculated from the model are shown in red dash lines.
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The examples of a double-component source and a
triple-component source have been analyzed by Thomas
(1980), and a double-component source has been studied
in great detail by some simulations of Charlot (1990b).
Based on these studies, we can determine that the source
exhibits a structure with two compact components on
baselines with length of around 9000 km. The ratio
of the flux densities of the weaker component to the
stronger one, K, is about 0.92, since the peak structure
effect for these baselines is approximately 0.7 ns.
Thomas (1980) referred the source position in his
model to the middle point of the separation between
the two components, while Charlot (1990b) took the
centroid point of brightness as the reference point. The
reference point does not matter for the closure delay,
but we apply the centroid model here, because we as-
sume that observables of short baselines have zero source
structure effect, and in practice they are referred very
closely to the center of brightness. According to this
model, the structure delay τs on baseline B is given as
τs =
K(1−K)[1− cos(2piR)]R
f(1 +K)[K2 + 2Kcos(2piR) + 1]
, (4)
where f is the observing frequency, R = B · S12/λ, λ is
the wavelength, and S12 is the relative position vector
in the uv plane of the weaker component P2 with respect
to the stronger one P1. This expression only accounts
for the change of the projected baseline on the uv plane,
i.e., the sky fringes. It assumes that the flux densities
of two components do not change with frequency and
observations are made on an infinitesimal bandwidth.
Since the closure delay is not sensitive to the refer-
ence point in the source structure at all, this study
lets all observables refer to an unknown point, in this
case to the centroid of brightness by the choice of the
model, per scan. This reference point will finally be
determined through VLBI data analysis. We further as-
sume that the source structure does not change within
the fifteen days of observations. A “guess” estimation
for the unknown parameters in Equation (4) was made
from the results of baselines with lengths from 8400 km
to 9600 km derived in Section 5. The final estimation
was done by model-fitting all the closure delays with
magnitude smaller than 1.0 ns based on the a priori val-
ues from the guess estimation. The flux-density ratio
is then estimated to be 0.916 ± 0.012, and the relative
position vector be −426 ± 12 µas in right ascension and
−66 ± 19 µas in declination. According to the detected
morphology, a baseline with length of 7100 km has R =
0.41 and the peak structure effect is only 13 ps, which
explains the foundation of the assumption short base-
lines have no structure effect used for the connection.
One can easily compute the source structure effect for
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Figure 13. Distribution of the 117 observables with contri-
bution to the closure delay larger than 1 ns.
each observable based on Equation (4) and the two-
component model. The results for the eight baselines
are shown in Figure 12 in red dash lines. By compari-
son, we found that the model fits all the baselines with
length smaller than 10 000 km, but it does not fit so well
for some of the longest baselines, for example baseline
KATH12M–WESTFORD shown in Figure 12, where the
model and the estimated structure effect just have dif-
ferent variations. After using the model to correct the
structure effect, the standard deviation of the closure de-
lay was decreased from 139 ps to 90 ps for all triangles
with closure delay less than 1 ns, which is a significant
improvement.
Another solution was done to trace the observables
that cause 749 triangles to have closure delays larger
than 1 ns. It is much easier to locate these observables
actually, since the magnitude is so large that all trian-
gles related to them apparently have quite large closure
delays. The threshold of baseline length was then re-
set to a little larger than the previous one, 8000 km
for the connection. The baseline with a length within
this threshold should have a peak structure effect of 0.12
ns, which will corrupt the determination of the source
structure effect for many observables, but facilitate lo-
cating the points with large contribution to the closure
delay. This solution allows 21 700 triangles to be solved,
and 117 observables have been identified with large con-
tributions to the closure delay. Figure 13 shows the
estimated closure delays of these 117 observables as a
function of the uv position angle. Table 1 shows the
baselines lengths of these observables. All these points
systematically lie in three ranges of uv position angle,
30◦–60◦, 220◦–250◦, and 280◦–310◦, and refer to base-
lines with lengths larger than 7600 km, most of them
larger than 9000 km. It leads us to conclude that these
large closure delays are more likely caused by the source
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Table 1. Statistics of the 117 observables with contribution
to the closure delay larger than 1 ns.
Baseline Number Length (km)
FORTLEZA–KOKEE 1 11063
HART15M–YARRA12M 1 7848
KATH12M–NYALES20 1 10410
KOKEE–WESTFORD 1 7676
WESTFORD–WARK12M 1 11534
WESTFORD–YARRA12M 1 12638
FORTLEZA–ZELENCHK 3 8649
BADARY–FORTLEZA 4 11154
FORTLEZA–TSUKUB32 4 12252
KATH12M–ONSALA60 4 10928
KATH12M–WETTZELL 4 11026
TSUKUB32–WESTFORD 4 9505
BADARY–WESTFORD 5 8671
KATH12M–WESTFORD 5 12164
KATH12M–YEBES40M 5 11697
KOKEE–YEBES40M 5 10687
KATH12M–MATERA 6 10953
KOKEE–MATERA 6 10894
KOKEE–WETTZELL 9 10357
KOKEE–ONSALA60 15 9792
KOKEE–YARRA12M 32 9498
structure as well. It is worth noting that except for
the baseline clock offset used to absorb constant biases
between baselines, no other parameters in VLBI data
analysis can absorb any part of the closure delay, which
will finally impact the residuals. The observables with a
large contribution to the closure delay are always iden-
tified as outliers during the data analysis. The study
here shows that these observables are not outliers but
are systematically affected by source structure.
The limitations of the application of equation (4) to
the multiband group delay observable need to be dis-
cussed here. Finite bandwidth for multiband group de-
lay contributes to errors in the modeled structure effects
based on equation (4) because the structure changes
with frequency and/or the change in resolution R as
a function with frequency cause τs to change with fre-
quency. The X band observations in CONT14 use 8
channels spread over 720 MHz, for a fractional band-
width of 0.085. We have performed numerical simula-
tions covering a large range of component separations,
baseline lengths and orientations, and K values to study
this effect. For the case of 0642+449, with K ∼ 0.9 and
the separation about 0.5 mas, we find a median absolute
deviation between τs computed at the top and bottom of
the observed X band frequencies, over the observed base-
line lengths and orientations, to be 2.6 fs, and the RMS
deviation to be 11 ps, for two components with the same
spectral index. With one component having a spectral
index of 0 (typical for an AGN core) and the other com-
ponent having a spectral index of −0.7 (typical for an
optically thin jet component), the median absolute devi-
ation and RMS are 40 fs and 14 ps, respectively. Hence,
the finite bandwidth of the CONT14 observations an-
alyzed here does not present a significant violation of
the infinitesimal bandwidth assumption of equation (4)
for this source. Furthermore, our simulations show that
having reasonable different spectral indices for the two
components contributes significantly less to differences
in the structure delay with frequency than the changes in
interferometer resolution (R) as a function of frequency
(14 ps for spectral index and R changes together, com-
pared to 11 ps for R changes alone).
7. CONCLUSION AND DISCUSSION
Closure delay analysis has several advantages for
geodetic VLBI. First, it directly studies structure effects
from the geodetic observables—the multiband group
delays—themselves, the quantities actually used to de-
termine station position and motions, Earth orienta-
tion parameters, and other astrometric/geometric pa-
rameters. Second, closure delay analysis can serve as
an indicator to evaluate the performance of any struc-
ture model, whether that model is determined by fitting
closure delays or through an imaging analysis. Third,
model fitting of closure delays can identify the strongest
components of a source while ignoring weak components
that do not significantly alter the group delay, simpli-
fying the analysis procedure. In contrast to many as-
trophysical studies where the weak components are of
interest, geodetic VLBI analysis can often ignore such
components. Fourth, a closure delay analysis can save
time and effort in both processing and software develop-
ment for geodetic purposes compared to standard VLBI
imaging.
We showed that closure delays can determine the mag-
nitude of the measurement noise in the geodetic VLBI
observables, and thereby also determine the magnitude
of structure effects in the geodetic VLBI observables.
We also showed that large closure delays, even closure
delays in excess of 10 ns, are related to source struc-
ture effects, and that the underlying delay measure-
ments are not caused by simple measurement errors. We
demonstrated for the first time that source structure can
be obtained from the closure delays as opposed to clo-
sure phases or closure amplitudes from visibility data.
For sources that are reasonably compact on short VLBI
baselines, we can simply and directly solve for (not fit)
structure effects for the entire VLBI network of baselines
without any additional a priori information. We also ap-
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ply model fitting to determine source structure, show-
ing how closure delays can yield structure information
without the need for sources to be unresolved on short
baselines. This method is relatively simple to implement
within existing geodetic analysis tools, uses input data
from the standard geodetic database files, and does not
require significant computational resources. For exam-
ple, we can compute structure models for all sources in
the 15-day CONT14 campaign in a fraction of an hour,
whereas our current imaging analysis from the raw vis-
ibility data requires about 16 hours to process one 24-
hour segment of the CONT14 campaign on a similar
computer.
In an array of N antennas, with N(N − 1)/2 interfer-
ometer baselines, there are N(N − 1)/2 unknown struc-
ture effects to be determined and (N − 1)(N − 2)/2 in-
dependent closure delays as observables. Therefore, the
fraction of the total structure delay information avail-
able in the closure delays is (N−2)/N . The ratio shows
the benefits to be gained by increasing the number of
antennas in the array; with only 4 antennas, 50% of the
structure delay information is available, while for 15 an-
tennas, as the case of CONT14 observations of source
0642+449, the ratio increases to 87%. From these ob-
servations, the source structure effect is demonstrated
at the level of each individual VLBI group delay for the
first time. The study reveals that at X band (8.4 GHz)
during the CONT14 sessions the source had two point-
like components with a flux-density ratio of 0.92, that is,
almost equally bright. The position of the weaker com-
ponent with respect to the stronger one is estimated to
be −426 ± 12 µas in right ascension and −66 ± 19 µas in
declination. Finally, the standard deviation of the cor-
rected closure delay was reduced by 36%. This structure
model agrees with the estimated source structure effect
on baselines with lengths less than 10 000 km very well,
but does not fit some of the longest baselines. There
are mainly four reasons for that: (1) source structure
effects on these longest baselines with R & 0.7 are much
more sensitive to the relative position of the two compo-
nents; (2) such long baselines only have a few observa-
tions over one circle of uv position angle, making it sta-
tistically difficult to identify the variation caused by the
source structure; (3) there can be structure at smaller
scale that shows structure effect on longest baselines but
none on baselines shorter than 10 000 km; and (4) the
model of Equation (4) is the derivative of the structure
phase with respect to the observing frequency, while the
multiband group delay is derived from the linear esti-
mation of the observed phase over 8 channels spanning
about 0.7 GHz—application of this model formultiband
group delays introduces errors in the structure effect,
which may have larger impacts when the baseline length
is longer than 11 000 km with R & 0.7. Due to this in-
adequateness of the model for multiband group delays,
the flux-density ratio K may have been underestimated.
In 1992 and 1995, this source was observed to have
a compact “core-jet” morphology with the resolution of
several milliarcseconds by Gurvits et al. (1992) and Xu
et al. (1995), respectively. Recently, space VLBI (Ra-
dioAstron) observations of this source at 1.6 GHz in 2013
with a resolution of 0.8 mas, ∼ 4 times better than that
of ground VLBI images at this wavelength, found that
this source has two compact cores separated by 0.76 mas
with a position angle of 81◦ in the sky plane (Lobanov
et al. 2015). Since space VLBI observations were made
fourteen months earlier than CONT14 observations, one
may not expect they were observing the same blob, but
the position angle of two components should be approx-
imately in the same direction. Our result domnstrates
that the two components are in the direction of position
angle about 261.2◦, which is the same direction detected
by space VLBI. The source 0642+449 did not exhibit
a significant structure effect due to a frequency depen-
dence of the flux densities of the two components, which
has a completely different pattern, such as more peaks
over 24 hours for baselines with R ≈ 0.5. Our study
shows a similar structure of this source with a resolution
comparable to that of the space VLBI, demonstrating
the feasibility of the application of astrometric observ-
ables for the study of the source structure with this
method.
From the study by Bertarini et al. (2011), we expect
polarization leakage to affect the multiband group delay
by less than 1.6 ps for 90 % of the observations. General
leakage of LCP into RCP for the geodetic observations
will result in a baseline-dependent bias. For the LCP
part of the Stokes I emission that leaks into RCP, these
biases are constant in time and baseline orientation for
a given station pair, and do not explain the large, sys-
tematic, and source-dependent effects. Homan & Lister
(2006) showed that at VLBI resolutions, the fractional
circular polarization of AGN core and jet components
is typically less than about 1 %. Supposing that dif-
ferent baseline orientations constructively add/subtract
the phases from two components that are circularly po-
larized at the 1 % level, the change in delay caused by
circularly polarized source structure would only be 2 %
of the change in delay for the Stokes I emission. We
therefore expect that polarization effects are negligible
for this study, although they may be important to reach
picosecond accuracies.
The large closure delays have also been effectively
traced, which reveals that most observables erroneously
identified as outliers in VLBI data analysis are in fact
exposed to the source structure effect and this effect
could be at the level of tens of ns in some occasions
even for a radio source with a rather flat spectral in-
The source structure of 0642+449 13
dex. This cannot be explained yet by the model. This
needs to be studied in the future to find the explana-
tion from astrophysics, while for astrometric VLBI we
should schedule routine observations more effectively to
exclude this kind of radio source, or to observe it with-
out such long baselines only if the two components do
not move with each other.
It is still challenging to implement the identified source
structure to correct the effect in VLBI data analysis.
First, an accurate model for multiband group delays to
the level of at least 10 ps needs to be derived. This
model should be able to reduce the magnitudes of the
closure delays of triangles with the longest baselines to
the level of that of small triangles, a few tens of ps.
Second, a careful re-study of the linear combination of S
and X band data with the presence of source structure
would be essential to have an accurate correction for the
source structure effect on the combined S-X observable.
Moreover, astrometric/geodetic VLBI observables at S
band are one order of magnitude noisier than that at
X band, which makes the source structure at S band
almost unrecoverable, and the structures at S and X
bands are different. In general, structures at S band are
much more resolved than that at X band.
How could our method be improved for the study of
source structure? First, there should be more effective
ways of deriving the structure effects on (N − 1) base-
lines. Due to the limitation from the assumption used
for the connection, our method would confine to a small
fraction of radio sources. But if one can develop a new
way to break this limitation, our method may allow us
to directly correct the structure delay on each single de-
lay observable for geodetic VLBI data analysis. Second,
one might develop a new method of image reconstruc-
tion in an iterative way other than modeling the struc-
ture delay. Then a non-linear estimation of the structure
parameters from the closure delay has to be developed.
The method can thus be extended to be used for more
general cases, complex or resolved sources. The rigorous
method to correct the structure effect is to make images
based on the standard VLBI imaging from the same ob-
servations and to correct the raw visibility phases for
source structure in the geodetic VLBI analysis software
prior to the multiband group delay fitting.Even though
this will need more work and resource compared to the
current procedure of the routine VLBI data analysis, the
geodetic VLBI should move onto it in the near future.
We are working on making images of CONT14 observa-
tions and the results will be presented in another paper.
This method could be of great help to monitor the
performance of radio sources for the historical VLBI
observations and the VLBI Global Observing System
(VGOS; Petrachenko et al. 2009). In VGOS, there is a
global network of well-distributed stations and particu-
larly several twin telescopes. A wider range of baseline
lengths from hundreds of meters will be available, which
then will allow the source structure with a wide sepa-
ration of compact components to be detectable. More-
over, if the point-like sources that are more likely to
be observed in astrometric VLBI begin to demonstrate
structure, it is likely to roughly model their structures
as consisting of compact components rather than a flat
brightness distribution. The source structure effect, as
one of the main and inevitable problems for the goals
of the VGOS, can be expected to be handled by this
method to some extent. Besides the astrometric VLBI,
the method can provide benefits as imaging for the astro-
physical study of the source structure from continuous
observations within VGOS.
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